coupling a pristine 25 and nanopatterned [26] [27] [28] monolayer graphene to an optical cavity has been implemented to enhance absorption. Although, these recent works have experimentally demonstrated the enhancement of absorption for normal incident light 21-23, 28, 29 , little is known about their absorption at higher angles of incidence, incident polarization or pattern edge states in combination with doping level.
In the infrared domain, exciting Dirac plasmons 30 on nanopatterned graphene has been adopted as a route to couple and concentrate the incident light directly on the surface thereby enhancing the infrared absorption 27, 29, 31 . Depending on the nanopattern design, the Dirac plasmons on graphene can be propagating surface plasmon polaritons (SPP) or localized surface plasmons (LSPs) modes. Plasmons are qualitatively characterized by their lifetimes. Longer lifetime results in stronger electric field confinement, which manifests as higher and sharper absorption (lower FWHM) in the spectral response. It has been reported that nanopatterning of graphene introduces graphene edges, which play a vital role in modifying the light absorption spectrum. Edge scattering effects, radiative and non-radiative decay arising from Landau damping through interband and intraband transitions contribute collectively to increase the decay rates of the plasmonic excitations 28, 30, [32] [33] [34] [35] . Therefore, the fundamental question that arises is how critical is the role of graphene edge on the localized surface plasmon (LSP) excitation, decay rate and overall absorption behavior of patterned graphene? Here, in order to investigate these aspects we identified complementary nanostructures, i.e. nanoholes and nanodisks, such that the qualitative nature of the edges are similar. A direct comparison of these complementary structures elucidates the differences in the plasmonic excitations, the degree of electrostatic spectral tunability and polarization dependences as a function of incident angle. We adopt a combinatorial investigation using theory and experiment to gain insight into the underlying physical phenomena. Based on this
understanding, here we demonstrate the effect of graphene nanopatterning and the edges on the plasmon lifetime and the light absorption. The maximum achieved light absorption is experimentally measured 90% (60%) for the cavity coupled graphene nanodisk (nanohole) array for the specified geometry parameters and EF= -1eV which is independent of the light polarization.
An ideal strategy to enhance the light-graphene interaction should be independent of the angle of the incident light ( i). We measured for the first time the dependence of the light absorption as a function of i for s-and p-polarized light and showed they are in very good agreement with the simulated results. At the end we show the peak wavelength and moreover the magnitude of the absorption of the unpolarized light by the patterned graphene are almost independent of the angle of incidence for i < 50˚.
The architecture of the proposed graphene absorber is illustrated in Fig. 1a . Pristine graphene grown on copper foil by CVD method was transferred on Si ++ (100 m)/Al2O3 (15 nm)/ITO (30 nm) substrate. The hole/disc diameter (D) and period (P) were varied to tune the LSPR at a desired wavelength whereby the cavity length was chosen to satisfy the quarter wavelength condition L= m/4neff. At this condition, constructive interference of the incident and reflected electric fields on graphene sheet intensifies the LSPs and enhances light-matter interaction, as shown in Fig. S1 and in our earlier work 28 . Here, L is the cavity thickness, neff is the effective refractive index of the optical cavity spacer, m is the m-th order of the cavity mode and  is the light wavelength. The optical response of the designed graphene absorber was simulated by finite-difference time-domain (FDTD) approach. In these simulations, the mobility of graphene was chosen to be a modest 500 cm 2 /V.s (scattering rate Γ= 0.02 eV) to closely resemble the experimentally measured mobility (see SI), and the optical constants of graphene corresponding to different Fermi energies were calculated using the Drude model 2, 28 . The total light absorption spectra of the optical cavity-coupled nanopatterned graphene are different for the complementary graphene nanodisk and nanohole arrays with P = 400 nm, D = 200 nm and L = 1.3 μm, as shown in Fig. 1b , such that the peak bandwidth of the graphene nanodisk is smaller than that of its complementary graphene nanohole array. Interestingly, while the plasmon lifetime, which is inversely proportional to the FWHM of the absorption peak in nanodisks, is longer, it does not translate to a higher absorption. At resonance the extinction cross-section of any nanopattern exceeds the geometrical area by several factors 27 , which scales differently for the complementary nanohole and nanodisk patterns. This in turn determines the effective absorption amplitude, which is higher in case of the nanohole pattern, in spite of shorter plasmon lifetimes. Therefore, the presence of surface plasmons breaks the symmetry of the complementary nanohole and nanodisk arrays due to their different plasmon decay rates, which suggests that maximum light absorption for respective patterns can be achieved by optimizing the geometrical area of the nanopattern such that the extinction cross-section is highest.
To obtain the maximum light absorption for the cavity-coupled graphene nanohole and nanodisk arrays, the optical response for different geometrical parameters (period and diameter)
were simulated for a fixed Fermi energy (EF = -1 eV) at normal angle of incidence. For the nanohole array, a reduction in edge-to-edge distance can be achieved by either increasing the diameter for a fixed period or decreasing the period for a given diameter. By applying both strategies, we observed that the reduction in the edge-to-edge distance leads to a blue shift in the LSPR frequency, as predicted by Eq. 1 and shown in Fig. 2a-b . In this case, the device parameters were optimized to obtain maximum absorption at λres = 8µm.
The LSPR frequency of the nanopatterned graphene is given by 28, 29, 31 
where ℬ is a constant value, is the edge-to-edge distance of the nanopattern and ℑ is the eigenvalue of the self-consistent total electric potential equation. For the graphene nanodisk pattern, the increase in diameter for a constant period results in a red shift of the LSPR wavelength, as shown in Fig. 2c Raman spectroscopy was performed to confirm the quality of graphene before and after nanopatterning. As shown in Fig 3c, the characteristic 2D and G bands of graphene are visible for pristine and patterned graphene, however a red shift (Δω ~ 7 cm -1 ) in the spectrum for patterned graphene was observed which suggests a modification in the dispersion function of the acoustic and optical phonons due to the nanopatterning 38, 39 (see SI).
The normal-angle reflection spectra of the fabricated cavity-coupled graphene nanohole and nanodisk absorbers were measured using a Bruker Vertex 80 Fourier transform infrared spectrometer (FTIR). The light reflection from the absorber stack without patterned graphene, i.e. To validate the operability of any absorber, it is critical to investigate its angular dependence to light. In the seminal work by Thongrattanasiri et. al., it was analytically shown for periodically patterned graphene that under the condition of no transmission, the angular optical response to light, which depends on the polarization, is primarily determined by its mobility and extinction cross-section. Enhanced absorption would necessitate maximizing the extinction crosssection, which can be achieved by pattern optimization such that the decay rate ( ) is much higher than the radiative ( ) contribution ( ≫ ). The decay rates along with the plasmon frequency determines the graphene polarizability given by
Under the assumption that the polarizabilities of monolayer graphene nanohole/nanodisk are almost independent of the angle of incidence 29, 40 , the LSPR frequency is expected to not be affected by change in incident angle of light. This is confirmed by the FDTD simulations where the LSPR frequency is found to be almost independent of inc, for both nanohole and nanodisk array patterned graphene with and without optical cavity (See Fig S6 and S7 ). At higher angles of incidence, the peak absorption of the system differs for the in-plane polarization (p-polarization) and the out-of-plane (s-polarization) light. For p-polarized light, the absorption magnitude scales with the electric field component parallel to the surface, as the angle of incidence increases. In case of s-polarized light, the LSPR frequency is almost independent of the angle of incidence for the nanohole and nanodisk array devices in the cavity coupled (Fig 5) and no-cavity . This explains the enhancement in absorption as the angle of incidence increases (Fig S6   and S7 ). Unlike the no-cavity nanodisk array absorber, the cavity couple system exhibits an increase in absorption for 0˚< < 50˚ but for higher angles, the absorption drops ( Figure 5 ).
The temporal and spatial interference between the optical cavity and the graphene plasmonic modes modifies the angular response such that for incident angles i > 50˚, destructive interference of the incident (Ei) and reflected electric fields (Er) arising from phase difference lowers the light absorption, as shown in Fig. 5c . Such behavior in the angular response of cavity-coupled absorbers for s-polarized light is not uncommon and was previously shown in a VO2 based system 41 . The FDTD predictions are well supported by experimental data (shown in Figure 5 , S6 and S7) acquired using an integrating sphere coupled to a FTIR.
While the calculations by Thongrattanasiri et. al., were done for ideal graphene with mobility of 10 000 cm /Vs, we show that it can be extended to CVD grown low mobility graphene and successfully models the FDTD and experimental results discussed below. Using Eq. (2) to fit the FDTD results at normal incidence, we obtain ℏ = 3.5 × 10 for the graphene nanodisk/nanohole array respectively (see Fig.   S10 ) which satisfies the criteria, ≫ . Following that, the absorption of the patterned graphene for various incident angles can be calculated via the total light reflection coefficient of the cavitycoupled patterned graphene ( = 1 − |ℛ| 2 )
where, 0 is the Fresnel reflection coefficient of the cavity spacer without graphene and the reflection coefficient of the patterned graphene is given by, = ± ( −1 − ) ⁄ 27, 42 for the arrays with periods much smaller than the wavelength ( ≪ ). The lattice sum for this condition is reduced to = 5.52/ 3 + ( − 2( ⁄ ) 3 3 ⁄ ) for hexagonal array, where is a polarizationdependent parameters, i.e. = 2 /( ), = 2 /( ) and is the unit-cell area 27 . The calculated peak absorption as a function of incident angle for s and p polarized light is overlaid on the FDTD and experimentally obtained results as shown in Figure 6 . Clearly a good agreement between the analytical, simulation and experimental data is evident. Figure 6 shows the maximum absorption for different incident angles at the resonance wavelength shown by the green dash line in Fig. 5 . The results of the unpolarized light (Fig. 6-bottom) shows that the maximum light absorption of the graphene absorber is almost independent of the incident angle for ≤ 50˚.
In conclusion, we have investigated infrared absorption in an optical cavity-coupled low carrier mobility (= 500 cm 2 /V.s) CVD-grown graphene with hexagonal array of nanoholes and nanodisks in the infrared transparent 8 -12 m band. Due to the differences in the extinction crosssection of nanohole and nanodisks for the same diameter, the plasmonic excitation on their respective edges are different, resulting in qualitatively dissimilar absorption peak profiles. A series of numerical simulations were performed to maximize infrared absorption by scanning over parameters like period and diameter for the hexagonal array of nanohole and nanodiscs. The optimized devices exhibit a record absorption of 60% for the nanohole array and up to 90% for nanodisk array when the Fermi level of graphene is increased to -1 eV by electrostatic p-doping.
Such high absorption is attributed to strong plasmonic excitations at the patterned nano-edges where the localized electric field is amplified by factors of 500 for the nanohole and 1100 for the nanodisk arrays. The Fermi level of the patterned graphene is tuned by applying a voltage across a 15 nm thick layer of Al2O3, which serves as a hard gate dielectric. The high-k Al2O3 is found to be more stable over time compared to the commonly used ionic-gel gate which tend to chemically degrade in few days. A remarkable dynamic spectral tunability of 2.46 m for nanoholes and 1.11
m for nanodisks is achieved. It is to be stressed that the use of industry standard Al2O3 for capacitive electrostatic gating in our devices makes it a potential candidate for integration with optical design boards unlike many previously reported device architectures that are bulky due to presence of ion-gel based components 29, 43 .
Finally, by using the optimal devices with highest absorption for nanoholes and nanodisks, we show for the first time a systematic angle dependent (0˚ -70˚) optical study in the infrared domain. Although the LSPR frequency is independent of the incident angle of light, the evolution of peak absorption for s-and p-polarized light are qualitatively dissimilar, which is attributed to the different scattering cross-sections that the electric field of incident light interacts with on patterned graphene. However, the peak absorption for unpolarized light remains within 5% of its maximum up to ≤ 50˚, which suggests that both the nanoholes and nanodisk array can be operated over a wide range of angles. 
Materials Characterization and Measurement
The theoretical simulations are done by finite-difference time-domain (FDTD) method and S1c which are the simulated light absorption spectra of the patterned graphene without optical cavity obtained by using finite-difference time-domain (FDTD) and coupled-dipole approximation 3, 4 (CDA) approaches. Since the particle polarizability used for the nanohole array is that of the complementary nanodisk which has lower loss than nanohole, the CDA predicted absorption is sharper than the FDTD simulation results. The top view of the electric field intensities for the graphene nanodisk and nanohole pattern in Figs. S1d and S1e show the amount of electric field enhancement on the edges which give rise to amplified light-matter interaction. To investigate more the edge effect on the LSPR, the size of the edge can be changed while the edge-to-edge distance (P-D) remains constant. Decrease in the period P (600 nm/500 nm/400 nm) and diameter D (400 nm/300 nm/200 nm) while their difference (P-D) is constant lead to a blue shift in LSPR frequency and lowers the amount of light absorption in spite of the fact that the trend of the absorption spectra for different cavity thicknesses are similar, as shown in Fig. S2 . couple system exhibits an increase in absorption for 0˚< < 50˚ but for higher angles, because of the interaction between the optical cavity and plasmonic modes resulted in destructive interference of the incident (Ei) and reflected electric fields (Er) due to phase difference, the absorption drops. The top view of the z-component near-field profiles correspond to inc= 0˚ and inc= 50˚ of the s-polarized light are shown in Fig. S7 which clearly shows different electric dipole magnitudes at those angles. The quality of the high-k gate-dielectric for electrostatic doping of graphene is an important factor for the usability of the designed device. The measured capacitance of the hard-dielectric layer which is 15 nm thick layer of Al2O3 is = 0.93 μF/cm 2 . Such gate dielectric can be used to electrostatically dope the Fermi level of the patterned graphene to EF= -1 eV. The high-k dielectric Al2O3 has more stability in time compared to the conventionally used soft-ion gel gate dielectric, as the measured light absorption spectra of the corresponding patterned graphene absorbers in a 6-month interval proves this (Figs. S8a-b ). The leakage current of the gate-dielectric is another important parameter in power usage which is very low (~10 -11 A) for 15 nm thick layer of the grown Al2O3 (Fig. S8c) .
To find the experimental value of the carrier mobility of the patterned graphene, the measured electrical resistance of the patterned graphene is fitted to the theoretical formula ( = 0 + 1⁄ ), where 0 is the minimum resistance at VG= -1 V, = ⁄ is the electron density and is the Coulomb charge. Based on the diagrams in Fig. S9 , the carrier mobility of the patterned graphene is = 500 2 . ⁄ .
If the edge-to-edge distance of the patterns in graphene is much smaller than the mean free path (MFP) of electrons and holes, the modified Drude model is not valid to describe the electrical conductivity of graphene 5, 6 . In our case, since the carrier mobility of the transferred graphene is low (= 500 cm 2 /V.s), the edge-to-edge distance for both nanohole and nanodisk arrays are larger than the MFP of electrons and holes ( = = ⁄ < 45 nm, where is the DC momentum relaxation time, is the electron charge and is the Fermi velocity) and therefore, the Drude model can be applied for the dielectric function calculations and FDTD simulations in this work.
The effect of patterning on Raman spectroscopy of the graphene sheet which is shown in Fig.3 of the main manuscript, can be understood by inserting the boundary condition to the atomic displacement equation , the longitudinal (LO) and transverse (TO) optical phonon dispersions are adjusted, i.e. ω n 2 = ω LO 2 − λ 2 (q n 2 + q 2 ) 2 + β L 2 (q n 2 + q 2 ) and ω n 2 = ω TO 2 − β T 2 (q n 2 + q 2 ), where = ⁄ and L is edge-to-edge distance, λ, β L and β T are the parameters approximated by LO and TO phonon dispersion curves 7, 8 . The displacement equation is written as ̈= ̂,
where is the relative displacement of two sublattices and ̂ is the operator for the graphene optical phonons 7 . The calculations based on the above equations suggest a red shift consistent with that observed experimentally, as shown in Fig. 3c of the main manuscript.
The decay rates which were used in the graphene polarizability in Eq. for graphene nanodisk/nanohole. The plasmon decay rates show that the plasmon lifetime of the graphene nanodisk is higher than graphene nanohole.
Figure S10| The plasmon decay rates. The simulated extinction cross sections per area of a single graphene nanodisk with D= 160 nm (a) and nanohole with D= 400 nm at EF= -1 eV were used to extract the radiative (ℏ ) and total (ℏ ) plasmon decay rates.
